The ability of ruminaI bacteria to utilize xylooligosaccharides was examined. Xylooligosaccharides were prepared by partially hydrolyzing oat spelt xylan in phosphoric acid. This substrate solution was added (0.2%, wt/vol) to a complex medium containing yeast extract and Trypticase that was inoculated with individual species of ruminal bacteria, and growth and utilization were monitored over time. All of the xylanolytic bacteria examined were able to utilize this oligosaccharide mixture as a growth substrate. Butyrivibrio jibrisolvens, Eubacterium ruminantium, and Ruminococcus albus used xylooligosaccharides and whole, unhydrolyzed xylan to similar extents, while Prevotella ruminicola used twice as much xylooligosaccharides as xylan (76 versus 34%). Strains of Selenomonas ruminantium were the only nonxylanolytic species that were able to grow on xylooligosaccharides. The ability of individual S. ruminantium strains to utilize xylooligosaccharides was correlated with the presence of xylosidase and arabinosidases activities.
After cellulose, hemicelluloses or xylans are the most abundant plant cell wall polysaccharides. As such, these materials comprise a significant portion of the diets of ruminant livestock animals. The results of pure culture studies in which xylans from a variety of plant sources were used indicated that the hydrolysis of these polysaccharides by ruminal bacteria is often more rapid than their assimilation (5, 8, 9) . As a result, a pool of partially hydrolyzed intermediate products accumulates in such cultures. While the exact chemical nature of these products is not known, the pool is composed at least in part of xylose-containing oligosaccharides (6, 9) . If these materials accumulate in vivo, they could serve as important growth substrates for other microorganisms, including some organisms that are not able to degrade intact xylan. Similar cross-feeding schemes are thought to occur widely in the rumen environment (4, 7, 17, 20, 24, 26) . For this to be true, a population of microorganisms that have the capacity to grow on these substrates must be present. The purpose of this study was to examine the utilization of "xylooligosaccharides" by both xylanolytic and nonxylanolytic ruminal bacteria.
MATERIALS AND METHODS
Organisms and growth conditions. Butyrivibrio fibrisolvens H17c, Prevotella ruminicola D31d, Eubacterium ruminantium GA195, Ruminococcus albus 7, Selenomonas ruminantium D, GA192, and HD4, Lachnospira multiparus 40 and D32, Streptococcus bovis JB1, Treponema bryantii B 2 5, Succinivibrio dextrinosolvens 22b, and Megasphaera elsdenii B159 and T81 were obtained from the culture collection at the National Center for Agricultural Utilization Research, Agricultural Research Service, U.S. Department of Agriculture, Peoria, Ill. All cultures were grown anaerobically at 39°C in a complex, Trypticase-yeast extract medium (routine growth medium) (13) supplemented with xylooligosaccharides, xylan, or other carbohydrate sources as growth substrates. Growth was monitored spectrophotometrically with a Spectronic 21 colorimeter (Milton-Roy Co., Rochester, N.Y.) by determining the optical densities of cultures at 660 3557 nm. Samples were taken from cultures at various times and were stored frozen until they were analyzed.
Preparation of xylooligosaccharides. A mixture of xylooligosaccharides was prepared by partially hydrolyzing oat spelt xylan in phosphoric acid (14) . A 10-g portion of oat spelt xylan was suspended in 100 ml of 50 mM phosphoric acid and autoclaved at 121°C for 15 min. After cooling, 3 volumes of a cold ethanol-acetic acid solution (95% ethanol, 5% glacial acetic acid) was added to the hydrolysate, and the mixture was kept on ice for 30 min. This mixture was then centrifuged at 16,000 x g at 4°C for 10 min, and the undigested xylan pellet was discarded. The supernatant fluid was lyophilized. Freeze-dried xylooligosaccharides were resuspended in 40 ml of water, frozen, and lyophilized again. The final residue was dissolved in 20 ml of water, and the pH was adjusted to 6.5 with sodium hydroxide. The resultant stock solution was boiled under nitrogen and autoclaved at 12rC for 30 min. Subsequent use of this procedure to produce xylooligosaccharides generated preparations with similar sugar compositions. A single preparation described below was used in all experiments.
The composition of the xylooligosaccharide mixture used in the experiments described below was as follows: total xylooligosaccharides (orcinol reaction), 80 mg/ml; reducing sugars, 25.3 mg/ml; hexuronic acid, 5.0 mg/ml; xylose, 46 mg/ml; arabinose, 27 mg/ml; and glucose and galactose, trace amounts. A neutral sugar analysis without hydrolysis in trifluoroacetic acid showed that nearly all (92%) of the arabinose was present as free arabinose. The phosphoric acid treatment was apparently sufficient to hydrolyze the linkage between arabinose side groups and the xylan backbone. In contrast to arabinose, only about 4% of the xylose in the xylooligosaccharide mixture was present as free xylose. The potential presence of inhibitory products in the xylooligosaccharide mixture was tested by adding aliquots of the substrate stock solution (0.2%) and glucose (0.05%) to cultures of organisms that are not able to ferment xylooligosaccharides (e.g., L. multiparus, T. bryantii). The presence of xylooligosaccharides did not depress the growth of these organisms compared with the growth of cultures provided with glucose alone.
Chemical analyses. Total xylooligosaccharide or xylan utilization was monitored by using the orcinol reagent with xylose as the standard (21) . Although orcinol is generally used to measure the pentose contents of materials, this reagent does react with other components present in xylan (e.g., uronic acids and other sugar components [10] ). Coworkers and I have found that the orcinol assay yields more reasonable estimates of the total quantity of xylan or xylooligosaccharide material and not just estimates of the quantity of the xylose component. The hexuronic acid contents of samples were determined with the 3,5-dimethyl phenol reagent by the method of Scott (22), using galacturonic acid as the standard. The reducing sugar content was measured by using the method of Nelson and Somogyi with xylose as the standard (18) . The pooled standard deviations for the component analyses (duplicate cultures) were 0.15 mg/ml for the total xylooligosaccharides (orcinol reaction) 0.01 mg/ml for hexuronic acids, and 0.09 mg/ml for reducing sugars.
TLC analysis ofxylooligosaccharides. The xylooligosaccharide compositions of culture fluids and stock solutions were determined by using two thin-layer chromatography (TLC) methods. In the first method, samples were applied to Whatman 150-A K5 silica gel TLC plates (thickness, 0.25 m) and developed (one ascent) with a solvent containing 2-propanol, ethyl acetate, nitromethane, and water (6:1:1:2); this method is referred to below as the propanol method (11) . The plates were air dried, the spots were visualized with an orcinol spray reagent (10 ml of H 2 S0 4 , 90 ml of methanol, 0.2 g of orcinol [11] ), and the plates were heated to lOO°e. This method effectively resolved oligosaccharides with degrees of polymerization of 1 to 7. The oligosaccharides in samples were identified by comparing their chromatographic behavior with the chromatographic behavior of authentic standards (gifts from R. B. Hespell, National Center for Agricultural Utilization Research, Agricultural Research Service, U.S. Department of Agriculture, Peoria, IlL).
A second TLC solvent system was used to resolve more effectively the monosaccharides present in samples and stock solutions. Samples were applied to TLC plates as described above and were resolved by subjecting the plates to four ascents with a solvent consisting of 90% acetonitrile in water; this method is referred to below as the acetonitrile method (12) . The plates were air dried, and sugars were detected by using the orcinol spray reagent described above.
Gas-liquid chromatography of neutral sugars. The neutral sugar components of samples were determined by gas-liquid chromatography of alditol acetates prepared by the procedure of Albersheim et ai. (1), as modified by Stack (23). Inositol was added as an internal standard. The resultant alditol acetates were resolved on a DB-225 fused silica capillary column (J& W Scientific, Rancho Cordova, Calif.) heated to 2lOoC in a model 5890A gas chromatograph (Hewlett-Packard, San Fernando, Calif.) and were identified by comparing their retention times with the retention times of authentic standards. The quantity of free xylose and arabinose in the original xylooligosaccharide stock solution was estimated by performing this neutral sugar analysis without hydrolysis in trifluoroacetic acid. The pooled standard deviations for xylose and arabinose concentrations in duplicate cultures were 0.14 and 0.04 mg/ml, respectively.
Determination of xylosidase and arabinosidase activities. Xylosidase and arabinosidase activities were determined by monitoring the release of p-nitrophenol from p-nitrophenyl xylopyranoside and p-nitrophenyl arabinofuranoside, respectively. The reaction mixtures contained 2 mM substrate, 100 mM sodium phosphate (pH 7), and appropriate dilutions of cells in phosphate buffer containing 50~g of hexadecyltrimethylammonium bromide per ml to permeabilize the cells (19) . The reaction mixtures were incubated at 39°C for 10 min, the reactions were stopped by adding 2% sodium carbonate (0.25 ml/ml) , and A 405 was measured; 1 U of enzyme activity catalyzed the release of 1~mol of p-nitrophenol per min. Cell protein concentrations were determined by the method of Lowry et al. (16) after hydrolysis of cells in 0.1 N NaOH at 70°C for 30 min. Horse heart cytochrome c was used as the standard.
Chemicals. Oat spelt xylan, p-nitrophenyl xylopyranoside, p-nitrophenyl arabinofuranoside, and horse heart cytochrome c were obtained from the Sigma Chemical Co., St. Louis, Mo. All other reagents used were of the highest grade available.
RESULTS
Growth and utilization of xylooligosaccharides by xylanolytic ruminal bacteria. The xylanolytic ruminal bacteria P. ruminicola, R albus, B. fibrisolvens, and E. ruminantium were evaluated for the ability to grow on the xylooligosaccharide mixture. E. ruminantium grew more rapidly (growth rate, 0.85 h-1) than the other species, which exhibited growth rates ranging from 0.24 to 0.35 h-1 (Fig. 1) . On the basis of the final optical densities obtained, P. ruminicola converted the available xylooligosaccharides into microbial cell mass most efficiently, while B. fibrisolvens was the least efficient organism in this regard.
The extent and pattern of utilization of xylooligosaccharide components differed with the species (Table 1) . Utilization of the total xylooligosaccharide substrate, as measured with the orcinol reagent, was incomplete for all four species examined. The levels of utilization ranged from a high of 76% for P. ruminicola to just 46% for R albus. Although the values were not identical, the use of the xylose component generally paralleled the use of the total preparation, while the use of the other components varied. P. ruminicola and B. fibrisolvens used all components of the xylooligosaccharide preparation to similar extents, whereas E. ruminantium used uronic acid poorly and R albus assimilated little arabinose or uronic acid. B. fibrisolvens, R albus, and E. ruminantium used nearly equal amounts of the xylooligosaccharide preparation and whole, unhydrolyzed xylan, while P. ruminicola utilized more than twice as much xylooligosaccharide preparation as "intact" xylan.
Growth and utilization of xylooligosaccharides by nonxylanolytic ruminal bacteria. A variety of nonxylanolytic ruminal bacteria were tested for the ability to grow on the xylooligosaccharide substrate. Of the organisms tested, only the Selenomonas ruminantium strains were able to grow on this substrate. L. multiparus 40 and D32, Streptococcus bovis JB1, T. bryantii B 2 5, Succinivibrio dextrinosolvens 22b, and M. elsdenii B159 and T81 all failed to grow on the xylooligosaccharides provided. A summary of the growth of Selenomonas ruminantium strains is shown in Fig. 2 . The growth of strains D and GA192 was extensive, whereas strain HD4 grew to only about the same optical density as it did when a low level of glucose (0.05%) was provided. Supplementation of cultures with 0.05% glucose increased the growth only slightly compared with the growth obtained with xylooligosaccharides alone.
The pattern of oligosaccharide utilization differed among the strains. Strains D and GA192 assimilated the most 
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p=O.85h- carbohydrate, utilizing 55 and 41%, respectively ( Table 2 ). The use of individual components by strain D was similar for most sugars; this strain used approximately 60% of all components except uronic acid. Strain GA192 used more of the arabinose component than either xylose or uronic acids, and materials having high reducing values (lower degrees of polymerization) made up the majority of the substances used by this strain. Strain HD4 appeared to use only the arabinose component, which was largely released in free form during phosphoric acid hydrolysis. This probably explains the much lower level of growth of this strain compared with the other two strains, which were able to utilize some of the xylosecontaining materials. TLC analysis of xylooligosaccharide utilization. Individual sugars and oligosaccharide components of culture samples were resolved by using two TLC methods. The original oligosaccharide mixture was composed of arabinose, xylose, and xylooligomers with degrees of polymerization of at least 7, as well as material having greater degrees of polymerization which could not be determined (Fig. 3 and 4, lanes 1) . The faintly staining spot that migrated with xylotetraose in the acetonitrile system and with xylotriose in the propanol system was present in basal medium without added xylooligosaccharides (data not shown). The artifactual nature of this material was further confirmed by the absence of xylotriose-staining material in the acetonitrile system when propanol-developed TLC plates were examined ( Fig. 3 and 4,  lanes 2 through 5) . Similarly, the faint spots that migrated with xylotetraose on plates developed with acetonitrile were absent on propanol-developed chromatograms. These spots also stained a different color (pink) than the xylose-containing material (violet). Arabinose, which comigrated with xylobiose on propanol-developed chromatograms (Fig. 3B  and 4B ), was clearly separated from this material when acetonitrile was used as the solvent. Symbols: 0, growth on 0.2% xylooligosaccharides; e, growth on 0.05% glucose; \7, growth on 0.2% xylooligosaccharides plus 0.05% glucose. The specific growth rates for Selenomonas ruminantium strains in xylooligosaccharide-containing medium were 0.58, 0.38, and 0.59 h-1 for strains D, GA192, and HD4, respectively. SD, pooled standard deviation of optical density values from duplicate experiments.
DISCUSSION
TLC analysis of the residual carbohydrates after growth of the xylanolytic bacteria B. fibrisolvens, P. ruminicola, E. ruminantium, and R. albus showed that nearly all of the xylotriose and larger xylooligosaccharides had been utilized (although some high-molecular-weight material that failed to migrate from the origin remained) (Fig. 3) . With all four bacteria some residual xylose was detected, and R. albus samples also contained arabinose. Culture samples for all four organisms (and also samples of the original substrate preparation) also contained a material that migrated near xylobiose (acetonitrile method) (Fig. 3A) . This material was not present in medium that lacked added carbohydrates. An examination of the individual sugars (including uronic acids) present in trace amounts did not indicate a likely identity for this material.
The Selenomonas ruminantium strains differed in their abilities to utilize the individual xylooligosaccharides present. Strains D and GA192 were similar; both used xylobiose and larger xylooligosaccharides, as well as arabinose, and left some residual xylose. In contrast, growth of strain HD4 resulted in the disappearance of only xylose and arabinose. Interestingly, the material that migrated near xylobiose in the xylanolytic incubation mixtures was absent following incubation with strains D and GA192, suggesting that it was utilized by these strains. Again, a comparison with the results of the neutral sugar analysis was not helpful in the identification of this material.
Xylosidase and arabinosidase activities of Selenomonas ruminantium strains. The presence of I3-D-xylopyranosidase and a-L-arabinofuranosidase in Selenomonas ruminantium was examined. Both enzymes were present in strains D and GA192, but neither was detected in strain HD4. Xylosegrown cultures of strain D produced 394 U of xylosidase per mg of cell protein and 55 U of arabinosidase per mg of cell protein, while GA192 cultures produced 232 U of xylosidase per mg of cell protein and 40 U of arabinosidase per mg of cell protein. The production of these activities appeared to be regulated since both enzyme activities were produced when the strains were grown on xylose but not when they were grown on arabinose or glucose. No extracellular arabinosidase or xylosidase activity was detected for any of the strains.
My results demonstrate that ruminal bacteria have the ability to grow on xylooligosaccharides. The finding that the xylanolytic ruminal bacteria have this capacity is hardly surprising. Presumably, these organisms generate oligomeric products as intermediates during the normal degradation of xylan. Indeed, it has been shown that the endoxylanase from P. ruminicola hydrolyzes xylan to xylotriose and oligosaccharides with greater degrees of polymerization (25) . What is interesting are some insights that these observations provide into the xylan-utilizing abilities and limitations of these organisms. R. albus was able to grow on xylan and xylooligosaccharides, although it was not able to grow on xylose or arabinose (this study and data not shown). This is similar to patterns of substrate utilization for some other cellulolytic bacteria that can use cellulose and cellulodextrins, but use glucose poorly (3). E. ruminantium was able to grow very rapidly on the xylooligosaccharides, much faster than it grows on other substrates (this study and data not shown). Perhaps certain xylooligosaccharides are the preferred growth substrates for this organism. B. fibrisolvens and P. ruminicola were able to use a significant portion of all of the a All cultures were grown for 24 h in routine growth medium containing 0.2% xylooligosaccharides. The concentration of total oligosaccharides was estimated by using the orcinol reagent. Values are the averages of values obtained from duplicate cultures.
A.
b Percentages of utilization were calculated by determining the decrease in the concentration of each component in each culture compared with the initial concentration.
components present in the xylooligosaccharide mixture, indicating that the presence of a particular component (e.g., 4-0-methyl glucuronic acid) probably does not limit the extent of xylan utilization. P. ruminicola was able to use xylooligosaccharides more extensively than intact xylan during the course of these experiments. This suggests that some event during the enzymatic digestion of xylan to xylooligosaccharides affects the ability of this organism to grow. The nature of this limitation is not known, and determining the nature of the limitation will require a detailed examination of the events that occur during the degradation of xylan by P. ruminicola.
When the nonxylanolytic bacteria were examined, only
Selenomonas ruminantium strains were able to grow on xylooligosaccharides. Two of the three strains, strains D and GA192, were able to use a portion of all of the components present in the substrate. The ability to use xylobiose and xylooligomers with greater degrees of polymerization was correlated with the presence of xylosidase and arabinosidase activities in these strains. The fact that Selenomonas ruminantium strains can grow on xylooligosaccharides but not on xylan means that this organism depends on the hydrolytic capacity of xylanolytic species to produce these growth substrates. The cross-feeding of energy sources among organisms is a phenomenon that is thought to occur widely in the rumen. The ability of Selenomonas ruminantium to use
